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Aim : This work is aimed to study the effectiveness of the use of bentonite at different stages of the vinification process (pilot and industrial scales) in relation to wine protein stability. The effect of wine storage and ageing on protein content and stability is also studied.
Methods and results :
The experimental trials were made with a Macabeu wine (vintage 2011) and included the following treatments : bentonite addition to must only, bentonite addition during fermentation (beginning, middle and end), and no treatment (control). The results show no effect of scale in fermentation kinetics. At both scales, the wines treated with bentonite during fermentation had lower total protein concentrations as compared to the control wines (10-17 %) and the wines obtained from must treated with bentonite (7-14 %), which were the most unstable.
Conclusion : This study shows that the fermenter size (industrial and pilot scale) has no significant effects on alcoholic fermentation, indicating that, from a practical point of view, pilot-scale fermentations satisfactorily reproduce those performed at industrial scale. Moreover, all the wines treated with bentonite during fermentation present a lower protein concentration and a higher stability.
Significance and impact of the study : The results obtained in pilot-scale fermentations are representative of industrialscale fermentations and therefore can be used reliably to study protein stability and stabilization in white wines. 
INTRODUCTION
Protein stability in white wines is a prerequisite for quality, and for this reason, wines are treated prior to bottling in order to avoid subsequent haze formation (Waters et al., 2005) . The most widely used technique for achieving this is bentonite treatment, a nonselective method that removes unstable proteins in a discontinuous process. However, bentonite treatments show negative effects such as removal of aromatic molecules or excessive protein removal, which negatively affects the foaming properties of the base wines used to produce sparkling wines (Salazar et al., 2010) . The possibility to develop alternative treatments or adjust the technique to avoid these consequences has been largely investigated, without finding any efficient and appropriate method (Waters et al., 2005) .
The addition of bentonite is usually done at the end of the alcoholic fermentation, after determining the dose needed to achieve protein stability. However, in certain wineries the bentonite treatment is conducted in two stages, adding a first dose during fermentation and then completing the stabilizing dose at the end of fermentation. This procedure can reduce the total dose that would be required with the usual single-addition treatment and moderate the negative effects that this practice has on wine. Recent works show that the best time for bentonite treatment is during (Pocock et al., 2011) or before (Lambri et al., 2012) fermentation. The experiments made to find the right time for bentonite dosage yielded different results according to various parameters (grape variety, wine type, foamability, aromatic composition, type of bentonite, etc.), hindering the task of establishing a standard protocol of action. For example, Achaerandio et al. (2001) point out the importance of ethanol concentration on the adsorption capacity of bentonite.
On the other hand, keeping dry wines in contact with their lees seems to be a good alternative to achieve major, if not total, stability, thereby reducing the dose of bentonite needed before bottling. The definition of wine lees given by EEC regulation No. 337/79 is "the residue that forms at the bottom of recipients containing wine, after fermentation, during storage or after authorized treatments, as well as the residue obtained following the filtration or centrifugation of this product". The effect of keeping the wine on lees on protein stability seems to be due to the presence of yeast mannoproteins, which can be released naturally during fermentation or by autolysis during wine ageing (Pérez-Serradilla and Luque de Castro, 2008). As a matter of fact, mannoproteins have been shown to protect wines from protein precipitation (Moine- Ledoux and Dubourdieu, 1998 ; Waters et al., 1993 ; Waters et al., 1994) . In this context, Dupin et al. (2000) proposed that the mechanism of haze protection may be a competition between mannoproteins and wine proteins for unknown wine component(s), the latter being required for the formation of large insoluble aggregates of denatured proteins. Therefore, as the presence of mannoproteins decreases the available amount of these unknown components, the size of the haze particles decreases and thus visible turbidity declines. Consequently, the combined effect of the presence of bentonite in the lees and that of the action of the mannoproteins released by the yeast could improve the protein stability of wine.
The main objective of this work was to study the effect of the use of bentonite at different stages of the vinification process on wine protein stability and to compare the results obtained at two different scales (industrial and pilot) in order to assess how they affect the bentonite dose required to stabilize the wine once the alcoholic fermentation is finished. The effect during wine storage and ageing on protein content and stability is also discussed.
MATERIALS AND METHODS

Vinification process
This study has been done with Macabeu grapes (vintage 2011, Cooperativa de Vila-rodona -Centre Vinícola del Penedès (CEVIPE), Tarragona, Spain) at two scales : industrial (alcoholic fermentation in 50.000-L stainless steel tanks) and pilot (alcoholic fermentation in 100-L stainless steel tanks, in triplicate). The protocol used to perform industrial vinification was the usual process used by the winery. The same process was replicated for the pilot scale at the research cellar of Mas dels Frares of URV (Constanti, Tarragona, Spain). The must obtained was treated with 60 mg/L of potassium metabisulfite before clarification.
Fermentation was performed with a special selection of Saccharomyces cerevisiae (CEVIPE) inoculated at 20 g/hL for each tank. Nutrients were added as diammonium phosphate (DAP) at two different times during alcoholic fermentation : at the beginning of fermentation and when the fermenting must density was around 1,050 kg/m 3 . The acidity of musts was corrected by adding up to 5.1 g/L of tartaric acid at the beginning of the fermentation. This addition was done considering the initial acidity of the musts of each tank at each scale, even though they were produced from grapes of the same origin.
Bentonite treatment
The bentonite treatments consisted in the addition of bentonite (5 g/hL) at four different times during the vinification process (must clarification, beginning, half and end of fermentation). Control samples without bentonite addition were also prepared. Natural sodium bentonite Microcol® Alpha (Laffort, France) was used in all cases.
Post-fermentation treatment
Once alcoholic fermentation was complete (≤2 g/L of residual sugars), 40 mg/L of potassium metabisulfite was added to the wines. Then 24 hours later the SO 2 content was checked and corrected to keep the wines at 35 mg/L of free SO 2 .
The dry wines were kept on their lees, which also contained bentonite for those treated during fermentation. The contact time for all wines (including control wine) was 90 days after the end of fermentation. Wines were sulfited and preserved with their lees in a controlled atmosphere to prevent oxidation. After that period, the wines were separated from their lees and bottled. The protein content and stability of the wines was checked after 7 months of bottling.
Protein content and wine stability
Total protein concentration was measured by the Bradford method using Coomassie brilliant blue reagent and checking the absorbance at 595 nm on a spectrophotometer (Cecil CE2021, England) after 5 min of incubation (Bradford, 1976) . The protein content was expressed as mg/L of bovine serum albumin (Sigma, cat. no. A-3803). All analyses were done in triplicate.
Wine protein stability was determined as described by Salazar et al. (2007) . Briefly, a 20-mL wine sample was filtered through a 0.45-µm (pore size) cellulose nitrate membrane (Whatman, cat. no. 7184009, England), heated for 2 hours at 80 ºC in a bath equipped with a digital control immersion thermostat (Digiterm 100), then incubated for 2 hours at 4 ºC. Turbidity was measured by nephelometry (Turbiquant 1000 IR turbidimeter, Merck KGaA, Germany) and expressed in nephelometric turbidity units (NTU). The difference in turbidity before and after the thermal test (DNTU) is proportional to protein instability. The wines were considered stable if this difference did not exceed 2 NTU (Moine- Ledoux & Dubourdieu, 1999) . All analyses were carried out in triplicate. 
Chemical analysis of musts and wines
RESULTS AND DISCUSSION
Alcoholic fermentation
Alcoholic fermentation was carried out following the traditional procedure of Cooperativa Vila-rodona for industrial scale and following the same protocol for pilot scale at Mas dels Frares.
The mean values of the analytical characteristics of the musts used in this study are as follows : density 1074 ± 1 kg/m 3 , total acidity 3.85 ± 0.22 g tartaric acid/L, pH 3.38 ± 0.01, total SO 2 35 ± 9 mg/L, free SO 2 11 ± 3 mg/L, gluconic acid 0.31 ± 0.05 g/L, and expected alcoholic content 10.3 ± 0.1 % v/v. Figure 1 shows the fermentation kinetics of all experiments. No scale effect was observed. These results are in agreement with Aguera and Sablayrolles (2005) , who described that pilot-scale fermentations in 100-L tanks are similar to industrial fermentations. Regarding the effect of the bentonite treatment, it cannot be observed a significant effect, since it could be affected by the presence of bentonite in suspension (Ferrando et al., 1998 ; Casalta et al., 2010) . However, all initial musts have been clarified by static decantation, and the level of suspended solids was similar. The small variations observed were mainly due to the fluctuations of the fermentation temperature.
The fermentation times were around 15 days in all cases, and the fermentation temperatures were maintained in the range of 15 -21°C (as shown in Figure 1 ).
The analytical parameters of the dry wines are shown in Table 1 . The mean values of the wines were : alcohol content of 10.44 ± 0.38 % v/v in pilot scale and 10.68 ± 0.34 % v/v in industrial scale, total acidity of 4.9 ± 0.5 g/L in pilot scale and 4.0 ± 0.4 g/L in industrial scale, volatile acidity of 0.43 ± 0.12 g/L in pilot scale and 0.24 ± 0.06 g/L in industrial scale, residual sugar content of 2.5 ± 0.1 g/L in pilot scale and 2.2 ± 0.2 g/L in industrial scale, and pH of 3.17 ± 0.06 in pilot scale and 3.13 ± 0.09 in industrial scale. The differences found for total acidity between the pilot-and industrial-scale wines are probably due to different rates of heat transfer into the whole mass, leading to different extents of potassium bitartrate precipitation. One possible explanation for the higher volatile acidity values detected in the pilot-scale wines would be their lower volume/surface ratio, resulting in an increased contact with the air oxygen and therefore a higher acetic acid production.
Protein concentration and wine stability
The results of the total protein concentration measured in wines at the end of fermentation, after 1 and 3 months of ageing on lees and after 7 months of bottling are shown in Table 2 .
At both the industrial and pilot scales, the wines treated with bentonite during fermentation had lower total protein concentration as compared to both the control wines and the wines obtained from bentoniteclarified must, which were also the most unstable, as determined by the heat test (highest DNTU) ; see Table 2 ). All wines were slightly unstable, in spite of the low protein concentration typical of Macabeu wines, whose usual destination is sparkling base wine production (Salazar et al., 2006) . After fermentation, the protein concentrations of the wines decreased with time in all cases, with a reduction in the first month of around 5 % and 13 % in the wines treated during fermentation and the wines obtained with control and clarified must, respectively. However, the protein concentrations were similar in all cases, ranging from about 34 to 39 mg/L. All wines were stable (DNTU<2, mean of all wines 1.3 ± 0.3) after 1 month without any additional treatment, even in the case of the control wines, where no bentonite was applied throughout the process. This decrease has been also observed during the post-fermentation period in Manzoni Bianco wine (Vincenzi et al., 2011) . This fact may be partially explained by protein insolubilization and precipitation, although the activity of proteolytic enzymes released from yeast after the end of the fermentation cannot be excluded.
Wine ageing on lees produces an enrichment of mannoproteins, contributing to a major stability and probably the maintenance of wine quality after bottling (Rowe et al., 2010) . As a matter of fact, all the wines showed a further slight improvement of protein stability after 3 months of ageing on lees, showing more stable protein (i. e., lower DNTU values) after 3 months of ageing (DNTU<2, mean of all wines 1.1 ± 0.2) compared to after 1 month, as determined by the heat test. A slight decrease in protein content and complete protein stability (DNTU=0) was also observed in all wines after 7 months of bottling.
CONCLUSION
This study shows that the fermenter size (industrial and pilot scale) has no significant effect on the kinetics of alcoholic fermentation, and therefore, from a practical point of view, pilot-scale fermentations satisfactorily reproduce industrial-scale fermentations.
The wines treated with bentonite during the fermentation process present a lower protein concentration. Nevertheless, in wines with low protein concentrations, as those made from Macabeu grapes, and under the vinification conditions used here, a greater and more extensive ageing on lees could be recommended as an alternative to additional treatment with bentonite, as demonstrated by the complete protein stability achieved in the bentonite-free wines.
Further work is however required to confirm the results reported here for these wines 
